Extra virgin olive oil shelf-life could be defined as the length of time under normal storage conditions within which no off-flavours or defects are developed and quality parameters such as peroxide value and specific absorbance are retained within accepted limits for this commercial category. Prediction of shelf-life is a desirable goal in the food industry. Even when extra virgin olive oil shelflife should be one of the most important quality markers for extra virgin olive oil, it is not recognised as a legal parameter in most regulations and standards around the world. The proposed empirical formula to be evaluated in the present study is based on common quality tests with known and predictable result changes over time and influenced by different aspects of extra virgin olive oil with a meaningful influence over its shelf-life. The basic quality tests considered in the formula are Rancimat5 or induction time (IND); 1,2-diacylglycerols (DAGs); pyropheophytin (PPP); and free fatty acids (FFA). This paper reports research into the actual shelf-life of commercially packaged extra virgin olive oils versus the predicted shelf-life of those oils determined by analysing the expected deterioration curves for the three basic quality tests detailed above. Based on the proposed model, shelf-life is predicted by choosing the lowest predicted shelf-life of any of those three tests.
Introduction
Organoleptic and nutritional quality of extra virgin olive oils has been the driving force behind the global growth in their consumption over the past decades. A matter of great significance for producers, retailers, and consumers is undoubtedly the maintenance and assurance of the extra virgin olive oil quality throughout the commercial cycle [1] . The quality of extra virgin olive oil decreases during storage and is attributable to oxidation that leads to rancidity and to hydrolytic degradations causing partial loss of minor components [2] . The characteristic triacylglycerol composition rich in saturated and monounsaturated fatty acids and the presence of natural antioxidants (mainly polar phenols and -tocopherols) are established key factors for the resistance of the oil to autoxidation. A series of other constituents, namely, free fatty acids, pigments, unsaturated hydrocarbons, enzymes, and trace metals, are expected to affect positively or negatively, though to a lesser extent, extra virgin olive oils' stability [3] [4] [5] [6] .
Extra virgin olive oil shelf-life could be defined as the length of time under normal storage conditions within which no off-flavours or defects are developed and quality parameters such as peroxide value and specific absorbance are retained within accepted limits for this commercial category. Prediction of shelf-life is a desirable goal in the food industry. Even when extra virgin olive oil shelf-life should be one of the most important quality markers for extra virgin olive oil, it is not recognised as a legal parameter in most regulations and standards around the world [7] . In order to estimate extra virgin olive oil resistance to oxidation, the Rancimat or AOM test results were found meaningful [8, 9] . It has been shown, nonetheless, that extrapolation from the Rancimat values to ambient conditions leads to either overprediction (most commonly) or underprediction of the actual shelf-life depending on the fatty acid composition of the oils and their antioxidant content [1] . Prediction methods based on kinetic and/or mathematical approaches seem promising but they usually require considerations over the likely temperature of 2 Journal of Chemistry storage, light incidence, and packaging material to provide meaningful results [10] [11] [12] [13] .
In recent from-the-shelf studies of extra virgin olive oils from around the world, consistently more than 50% of oils sampled tend to fail basic quality parameters for the commercial grade specified on the label. Ageing and/or inappropriate labelling of the best before date are usually pointed out as the two main reasons for such failures that can lead to legal actions for mislabelling and/or bad experiences for consumers [14] [15] [16] . The development of an effective tool to predict extra virgin olive oil shelf-life is considered of paramount importance in order to protect consumers and to avoid the commercialisation of oils that do not comply with the regulatory parameters for the commercial grade stated on the label.
Taking all those aspects into consideration, the proposed empirical formula to be evaluated in the present study is based on common quality tests with known and predictable result changes over time and influenced by different aspects of extra virgin olive oil with a meaningful influence over its shelf-life as analysed in previous paragraphs. ∘ C and in a 20 L/h air flow. The results were expressed in hours. The predicted deterioration curve based on the Rancimat values was calculated at a rate of 720 hours for every hour at 110 ∘ C as a result of the average evidence shown by previous research [17] .
Materials and Methods

Pyropheophytin (PPPs).
Pigments were isolated by SPE SiOH column 6 mL/500 mg (Chromabond Macherey-Nagel GmbH & Co.) using acetone as the elution solvent. The eluate was analysed by RP18-HPLC and the separated components were monitored at 410 nm using a photometric detector. The results were expressed as relative proportions (%) of the analyses (pheophytin and pheophytin and pyropheophytin ). The predicted deterioration curve based on the PPPs values was calculated as the expected time required for the oil to reach a value of 17% of PPP (PPP limit for extra virgin olive oil according to the Australian Standard AS 5264-2011 and Californian Standard) with predicted monthly increase of 0.6% as a result of the average evidence shown by previous research [17] .
1,2-Diacylglycerol Content (DAGs).
The isomeric diacylglycerols were isolated by SPE SiOH column 6 mL/500 mg (Chromabond Macherey-Nagel GmbH & Co.) using diethyl ether as elution solvent. The elute was analysed by gas chromatography after silylation. The peak areas of 1,2-and 1,3-isomers were determined. Only C32, C34, and C36 diacylglycerols were taken into account. The results were expressed as mass percentage (%) of 1,2-diacylglycerols over the total amount of 1,2-and 1,3-diacylglycerols content in the sample. The predicted deterioration curve based on the DAGs values was calculated as the expected time required for the oil to reach a value of 35% of DAGs (DAGs limit for extra virgin olive oil according to the Australian Standard AS 5264-2011 and Californian Standard) with predicted monthly decrease of 1.70%, 2.10%, or 2.50% depending on the initial FFA of the oil (<0.4%, 0.4%-0.6%, and >0.6%, resp.) as a result of the average evidence shown by previous research [17] .
Sensory
Analysis. Sensory analysis of samples was carried out by trained panellists according to the method described in the International Olive Council (IOC/T.20/Doc. N ∘ 15-Rev. 4 November 2011). The method involves, as a measurement, a group of 12 people suitably selected and trained to identify and evaluate the intensities of positive and negative sensory perceptions. Samples were randomly presented and tasters were requested to mark their perceptions on a profile sheet and to evaluate their intensity on an unstructured scale ranked from 0 to 10. The procedure was repeated three times in different orders to minimise the error. Data provided by tasters were statistically processed to verify the reliability of the test. The median values of the defect (DEF) and positive attributes, fruitiness (FRU); bitterness (BIT); and pungency (PUN) perceived, were utilised to identify the oil category. Samples classified as defective were sent to a second laboratory for confirmation.
Prediction Model.
A wide range of commercial extra virgin olive oils were analysed for induction time, pyropheophytin , 1,2-diacylglycerol content, and free fatty acids prior to their packaging over a period of 30 months and assigned a best before date (BBD) based on the following prediction model.
Best before date is determined by the lowest of the following three estimations:
(i) Hours of induction time at 110 ∘ C × 1 = expected shelflife (in months).
(ii) (17.0% − PPPs)/0.6% = expected shelf-life (in months).
(iii) (DAGs − 35.0%)/FFA factor = expected shelf-life (in months).
FFA factor = 1.7% (if FFA < 0.4%); 2.1% (if 0.4% < FFA < 0.6%); or 2.5% (if FFA > 0.6%).
The evaluation of the prediction model was conducted in two separate ways.
Evaluation of Prediction Model at the End of Established
Shelf-Life. 118 samples packaged during the 30-month period were analysed for basic quality parameters and organoleptic assessment at the end of their established shelf-life. In order to do that, retention samples were stored under controlled conditions (dark environment and stable temperature at 18 ∘ C ± 2 ∘ C) and tested immediately after reaching their BBD. The 118 samples considered in the evaluation of the prediction model at the end of established shelf-life included 9 250 mLdark glass bottles, 22 375 mL-dark glass bottles, 22 500 mLdark glass bottles, 27 750 mL-dark glass bottles, 6 one-litre dark glass bottles, 22 3-litre metallic tins, and 10 4-litre metallic tins. Shelf-life predictions ranged from 9 months to 28 months.
Evaluation of Prediction Model Directly from Retail
Points of Sale. 20 samples of the oils packaged with predicted shelflife were randomly collected from different retail points of sale on a quarterly basis during a 30-month period (200 samples in total). Oils were analysed for basic quality parameters and organoleptic assessment. A new BBD based on these quality parameters was recalculated and compared against the previously established BBD.
Results and Discussion
The basic quality tests considered in the formula are induction time (IND); 1,2-diacylglycerols (DAGs); pyropheophytin (PPP); and free fatty acids (FFA). The induction time test provides strong correlation of results over time depending on the fatty acid profile of the oils and their antioxidant content. Those factors are well known to be influenced by the variety, environmental conditions, and management practices. The PPP test provides strong correlation over time with light exposure and storage temperature without being influenced by oil quality or the oil's chemical composition. Finally, the DAGs test provides strong correlation over time with temperature of storage and initial oil quality expressed through its FFA content. As it can be seen, the three basic quality tests chosen for the prediction formula are influenced by different factors in the evolution of their values over time.
Evaluation of Prediction Model at the End of Established
Shelf-Life. Table 1 shows the summary of all quality and organoleptic analyses performed on the 118 retention samples with predicted BBDs established during the 30-month period of the trial. Of the 118 samples, only one sample (0.8% of the total) marginally exceeded the legal limit of 0.8% for free fatty acids; no samples failed to comply with either peroxide value or 232 limits of 20 meq O 2 /kg and 2.50, respectively; two samples (1.7% of the total) failed 270 limit of 0.22; twelve samples (10.2%) failed the AS limit of 17.0% for pyropheophytin ; six samples (5.1%) failed the AS limit of 35.0% for 1,2-diacylglycerols; and ten samples (8.5%) failed their organoleptic assessment for extra virgin olive oil with some form of defect detected.
It is important to highlight that some samples failed multiple tests. Consequently, 22 samples (18.6% of the total) failed one or more tests for the established legal limits for extra virgin olive oil according to the Australian Standard AS 5264-2011. If we do not consider the results of PPPs and DAGs as per the IOC regulation on olive oils, just 10 samples (8.5% of the total) failed to comply with the established limits for extra virgin olive oil at the end of the predicted shelf-life. This rate of failure is significantly lower than that observed in many other from-the-shelf studies.
Average and median values of PPP and DAGs at the end of the oils' shelf-life as well as their distribution as shown in Figures 1 and 2 indicate that the evolution of those parameters has been reasonably well predicted. 92 retention samples (77.8% of the total) showed PPP values between 11.0% and 17.0% at the end of their shelf-life. 87 retention samples (73.7% of the total) showed DAGs values between 35.0% and 45.0% at the end of their shelf-life.
Evaluation of Prediction Model Directly from Retail Points of Sale.
During the quarterly random testing of 20 samples over a 30-month period, it was possible to confirm that the average and median values of all quality parameters were well within the established legal limits for extra virgin olive oil (see Tables 2 and 3 fully compliant with all legal quality requirements according to International Olive Council regulations (see Table 4 ).
When the average and median initially predicted best before dates were compared with the recalculated best before dates based on the quality tests performed on the samples, it was possible to observe that, as an average, the actual samples were showing an expected best before date between 1 and 2 months shorter than what is initially predicted. It is possible that the slightly faster than predicted deterioration was due to the external conditions in the retail shelves and warehouse, such as (a) higher exposure to light, (b) higher than ideal storage temperature during the permanence on the shelves and/or transport, and (c) warehouse stock handling.
Conclusions
The results of the present study indicate that the shelf-life of extra virgin olive oils can be reasonably predicted by measuring some key quality parameters such as induction time (IND); 1,2-diacylglycerols (DAGs); pyropheophytin (PPP); and free fatty acids (FFA). These basic quality tests This paper reports research into the actual shelf-life of commercially packaged extra virgin olive oils versus the predicted shelf-life of those oils determined by analysing the expected deterioration curves for the three basic quality tests detailed above. Based on the proposed model, shelf-life is predicted by choosing the lowest predicted shelf-life of any of those three tests.
When evaluated at the end of their predetermined best before date, only a minor percentage of the oils that participated in the study marginally failed one or more chemical and/or organoleptic limits for extra virgin olive oil according to most common international standards. The vast majority of oils displayed quality values similar to those predicted in the model falling just short of the legal limits at the time of reaching the predetermined best before date.
When those oils were also randomly tested from retail shelves under real life conditions, an even smaller proportion of oils failed one or more chemical and/or organoleptic limits for extra virgin olive oil according to most common international standards.
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Data collected from shelf testing would indicate that an additional time of 1 to 2 months may have to be deducted from the initial formula in order to compensate for the average exposure of the oils to less than ideal storage conditions during transport, handling, and presence on the shelves.
